Abstract -Black locust is one of the most important stand forming tree species in Hungary, covering approximately 23% of the forested land (410 thousand ha) and providing 23% of the annual timber cut of the country. Hence, during the past two decades several experiments with this species have been carried out in the country. This paper investigates the influence of thinning on the diameter increment in an experiment including four plots. One plot was left as an unthinned control plot and three plots were thinned with various thinning intensities at age 22. The experiment was measured at ages 22, 27, 32, and 36. Apparently the thinning intensities applied on two of the plots did not come up to the intensity required to influence the diameter growth of the remaining upper-storey trees. Therefore, for a given tree size the growth of the trees on these two plots did not differ significantly from the growth of similar trees in the unthinned plot. By contrast, significant thinning effects on the diameter increment of individual trees were observed on the most heavily thinned plot. Here the diameter increment was enhanced for trees with diameters of less than 20 cm, whereas the largest trees of the stand exhibited moderately increased growth. Apparently a stand density corresponding to the heavy thinning treatment (F w values of 22-23) is required to get a significant thinning response. On the other hand, to avoid thinning shocks, it may be recommendable to apply two moderate thinning treatments instead of a single heavy one.
INTRODUCTION
Black locust (Robinia pseudoacacia L.) was the first forest tree species to be imported from North America to Europe (to France) some time after 1601. Its rapid spread in Europe and other parts of the world (Asia Minor -Turkey, China, Korea) may be attributed to its adaptability to a wide range of growth conditions, its favourable breeding properties, frequent and abundant seed production, excellent coppicing, fast growth and high yield, as well as its highly valuable timber.
In Hungary black locust is the most widespread tree species, covering approximately 23% of the forested land (410 thousand ha) and providing 25% of the annual timber cut of the country. In Hungary black locust stands have been established on good as well as on medium or partly poor quality sites. However, for high-quality timber producing black locust forests, the site must provide adequate moisture and a well-aerated and loose-structured soil that is rich in nutrients and humus. Implementing good silvicultural plans and models will lead to profitable black locust stands and better acceptance of the species by timber growers (Rédei 2002) .
A lot of international papers have published research results on the effect of tending operations on the increment of diameter at breast height and of standing volume.
In experimental thinning trials established, in Douglas-fir stands in Italy with initial stocking varied between 1600 and 3100 trees. ha -1 . At age of 23-35 years, for all thinning methods and grades, total production (standing volume plus volume of thinned trees) and current annual volume increment of standing trees were not significantly different from the control plots. Thinnings, regardless of method, favoured increased DBH increment, compared to control plots, but trees of the poorer site classes responded the best (Cutini -Nocentini 1987) .
According to the investigations of a Pinus nigra thinning trial at age of 35 years, 8 years after the thinning no statistically significant differences arose in total production, but growth rates of basal area and stem volume were significatively higher in the three thinning plots compared with the control (Silvano -Vincenzo 1997) .
Seven thinning trials investigations with Norway spruce in southern Sweden showed that diameter class had no effect on response to thinning as indicated by the fact that the smaller trees also responded strongly when thinned from above (Paper 1999) .
A precommercial thinning trial, conducted in 1978 in a 20-year old balsam fir stand in Canada was evaluated at 5 years intervals until 1998. The diameter growth during the 20 year period following thinning was inversely related to the residual density. The increase in diameter of trees in thinned plots accumulated mainly during the first 10-year period. Total volume per hectare after 20 years was proportional to residual stand density, white merchantable volume per hectare was similar through the range of densities (Pothier 2002) .
The effect of different thinning intensities on growth and yield was studied in Pinus silvestis L. stands in Central Spain. The investigations showed that the total volume and volume increment decreased with thinning intensity, this loss being more significant in the case of moderate and heavy thinning. Height increment was not influenced by thinning, whereas dominant and quadratic mean diameter increments increased with the thinning intensity. The response of diameter growth to thinning was greater at younger ages (less than 50 years) and in medium sized trees (Rio et al. 2008) .
In order to investigate the influence of various thinning intensities on the diameter increment, several thinning trials were established in Hungary (Rédei 1992 (Rédei , 1995 . In this paper, the evaluation of one of these trials is presented.
MATERIAL

Description of the study area
In the past two decades several experimental plots have been established in forest regions of Hungary for investigating the growth, yield, and tending operation techniques of black locust stands. A thinning trial with four plots of 0.10 ha each were established in the subcompartment Pusztavacs 201 E, which is located in the Danube-Tisza Interflow region, in the central lowland part of Hungary.
According to the classification of site types used in Hungary, the main ecological characteristics of the study area are:
• Forest steppe climate zone: the air humidity is less than 50% in July at 2 pm, the annual precipitation is less than 600 mm.
• Hydrology: free draining.
• Genetic soil type: combination of humic sand soils.
• Elevation: < 100 metres According to the Hungarian yield table for black locust stands (Rédei 1983 ) the site class of the investigated stand is III, that is the third best out of VI.
Assessment of stand characteristics
At age 22, 27, 32, and 36 the tree height and the diameter at breast height (d.b.h.) were measured for all trees on the four plots. Based on these measurements the following parameters were calculated: stem number, stand basal area, diameter corresponding to mean basal area, stand height (Lorey's height), stem volume, and stand volume. Stem volume was estimated using the volume function (Sopp 1974 
Thinning intensity
To stimulate the diameter increment a thinning was carried out at age 22 in three of the four plots. Plot 1 was left as an unthinned control plot and the other three plots were thinned from below using a range of different thinning intensities, among which the treatment applied in plot 4 can be considered a heavy treatment. The resulting stem numbers after thinning were: plot 1: control, stem number = 770 per ha plot 2: stem number (after thinning) = 700 per ha plot 3: stem number (after thinning) = 550 per ha plot 4: stem number (after thinning) = 400 per ha
To provide a description of the thinning intensity the Wilson factor (F w ) was used:
, where H L is Lorey's height in metres and N is stem number per ha.
Tree classification
Before the thinning at age 22 all trees on the four plots were classified according to the tree height classification system generally used in Hungarian silvicultural practice: 1 = dominant tree, 2 = codominant tree, 3 = intermediate (partly dominated) tree, 4 = suppressed tree. At the same occasion, all trees were classified using the silvicultural classification system generally applied in Hungarian practice: 1 = superior tree, 2 = subdominant tree, 3 = rejected tree to be removed, 4 = dead or dying tree.
STATISTICAL METHODS
The objective of the analysis is to determine the apparent effects of thinning on the diameter growth of black locust. Accordingly, we investigate the variation of growth between plots and height classes for each of the periods 22-27 years, 27-32 years, and 32-36 years. Furthermore, we analyse the relationship between stem diameter and diameter increment and the effect of plot (thinning), height class, silvicultural class, and period on this relationship. This analysis enables us to distinguish the effect of plot (thinning) on diameter growth from the effect of variations in the tree size composition of the strata. Unfortunately, as the experiment does not include replications, it is not possible to distinguish the effect of thinning from the effect of plot (growth conditions).
As our first approach, we test the hypothesis of identical mean increments in each of two specific groups of trees. These tests are carried out as ordinary t-tests using the TTEST procedure of the SAS (v. 6.12) software package. Each individual comparison of two groups of trees can be considered a simple analysis of variance based on the model:
where ∆D ij is the observed increment of tree j in group i ∈ [1,2], µ i is the true mean diameter increment in group i, and the ε ij s are normal and independent errors with mean zero and equal variances. In cases where the hypothesis of equal variances is rejected, an approximate t statistics is used. The degrees of freedom associated with the approximate t statistics are calculated using Satterthwaite's approximation. The analysis of the relationship between diameter and diameter increment was carried out using general linear models. The models were developed using the GLM procedure of the SAS (v. 6.12) software package. Instead of presenting separate models for each of the three periods, it seems more informative to develop all-embracing models describing the relationship between diameter and diameter increment. As both level and slope of this relationship may depend on plot (thinning), height class, silvicultural class, and period the basic formulation of the model is:
where D hijst is the breast height diameter (cm) of tree j in plot i, height class h, and silvicultural class s at time t; ∆D hijst is the annual diameter increment (cm/year) in the period immediately after time t; α and β are model parameters common to all classes; a 1i and a 2i are class-specific parameters for plot i; b 1h and b 2h are specific for height class h, c 1t and c 2t are specific for the period following time t, and d 1s and d 2s are specific for silvicultural class s. Finally, the ε hijst s are assumed to be normal and independently distributed random errors with mean zero and equal variances.
The possible interactions between plot (thinning intensity), height class, silvicultural class, and period were also considered in models of the above type.
RESULTS AND DISCUSSION
Stand diameter and diameter increment
The most important stand parameters of the plots are included in Table 1 . From this table it appears that, before thinning, the mean diameter and stem number of plot 1 were slightly lower than those of plots 2-4. Therefore, after thinning at age 22, the basal area and volume of plot 3 were almost equal to those of the unthinned plot 1, and the basal area and volume of plot 2 were even greater. As for the most heavily thinned plot (4), more than half of the original stem number and one third of the original volume were removed. All thinning treatments were carried out from below and, therefore, the average height and diameter of thinned trees were less than those of the remaining stand. Moreover, after thinning the diameter corresponding to mean basal area increased consistently from 16.7 cm to 20.1 cm with increasing thinning intensity. This should be taken into account when examining the average diameter increments on the four plots. Furthermore, it should be noted that the stand heights of plots 1, 2, and 4 were almost equal before thinning, and that of plot 3 was only slightly higher. Accordingly, we may assume that the growth potential of the four plots was similar. Finally, the mortality during the observation period (age 22-36) decreased with increasing thinning intensity. The average periodic annual diameter increments are summarised in Table 2 for each plot and height class. From this table it appears that the average diameter increment increased consistently from plot 1 to plot 4 in all three periods. On the other hand, as for the individual height classes, this increase is not reflected clearly. For most plots and periods the average diameter increment increased consistently from height class 4 to height class 1, as the variation between height classes within plots is considerably greater than between plots for a given height class. The general increase in average diameter increment from plot 1 to 4 is most pronounced in the first period (22-27 years) where the difference between plot 1 and 4 amounts to 0.15 cm/year. For comparison, the difference between plot 1 and 4 in the third period (32-36 years) only amounts to 0.05 cm/year. From Table 2 it also appears that the average annual diameter increment within a given height class quite often reaches its maximum value (for a given period) in plot 4, but maximum values occur in plot 3 with a similar frequency, and the occurrence of maximum values in plots 1 and 2 is not uncommon either. Accordingly, if it were not for the reduced proportion of lower-storey trees with increasing thinning intensity, it is not likely that the highest average increment (all trees on a plot) would generally be found in plot 4.
In Figure 1 the diameter distributions are shown after thinning for all plots and stand ages. For plots 1 and 2 it appears that the distribution at age 22 is slightly skewed. It also appears that the unthinned plot 1 tends to develop a bimodal diameter distribution. In fact, this would not be surprising, as bimodality is a frequently reported property of diameter distributions in unthinned stands (e.g. Mohler et al. 1978 ). Development of a bimodal diameter distribution implies that the stand must consist of two well-defined storeys with distinguishable levels of diameter increment. Moreover, the mortality rate of the lower storey must be so low that it does not offset the effect of the faster growth of the upper storey on the bimodality of the diameter distribution. Inspection of the developmental paths (not shown) of trees in plot 1 yields the impression that distinct levels of growth in the two storeys can actually be observed. In addition, it turns out that a diameter of 16 cm at age 22 constitutes a reasonable boundary between the two storeys.
A remarkable property of the diameter distributions in Fig. 1 is that the distributions of plots 1-3 all increase their spread over time, whereas the spread of the distribution in plot 4 is almost constant. This seems to indicate that the diameter increment on this plot is not as size dependent as on the other plots, i.e. compared with plots 1-3 the growth of small trees on plot 4 is enhanced, or that of large trees is reduced, or both.
Figure 1. Diameter distributions in the four plots at ages 22, 27, 32, and 36 years
Testing the differences between average diameter increments
In Table 3 the differences between the average diameter increments of the four plots have been tested for each of the three periods. Using 5% significance levels we find that in the first period (22-27 years) plot 1 differs significantly from all the other plots, whereas in the second period (27-32 years) it only differs significantly from plots 3 and 4. The diameter increment in plot 2 differs significantly from plot 4 in the first two periods. No significant differences are found between any of the plots in the third period (32-36 years). As will appear below, most of the difference between plots is caused by the dissimilarities of their tree size compositions, rather than by marked differences as regards the growth of trees in a given size class. In Table 4 the effect of increased thinning intensity on the average diameter increment has been tested for each of the height classes in each of the three periods. The table shows whether the observed effect of increased thinning intensity is positive, negative, or insignificant for a given height class. As the number of trees per height class and plot is less than 30 in all cases except one, the t-tests are generally weak. Accordingly, the significance levels applied in Table 4 are 5, 10, and 20%. As it appears from the table the highest frequency of significant differences are found in height classes 2 and 3. The total number of differences that are found to be significant at the 20% level is 22 and, out of these, only 4 are negative, so the effect of increased thinning intensity is positive in most cases. However, three of the significant negative effects are found in height class 1 when plots 1, 2, and 3 are compared with plot 4. Thus, it appears that the highest trees respond negatively to the strong thinning in plot 4. By contrast, when plots 1, 2, and 3 are compared with plot 4 for height classes 2 and 3, all significant differences are positive, indicating that increased thinning intensity generally influences the diameter increment of height classes 2 and 3 positively. On plot 4 the number of trees in height class 4 is only 1 and, therefore, in this height class no significant thinning effects are found in comparisons with plot 4. However, in comparisons between plots 1, 2, and 3 it appears that trees in height class 4 are also influenced positively by thinning. Signs indicate the effect of increased thinning intensity on average diameter increment. Significance levels: 'NS': not significant; '+'/'-': 20%, '+ +'/'--': 10%, '+ + +'/'---': 5%.
The tests in Table 4 indicate that the relatively strong thinning on plot 4 leads to reduced diameter increment in height class 1, whereas height classes 2 and 3 respond positively. As for the moderate thinning of plot 3 the thinning effects are generally positive (or insignificant) as compared with plots 1 and 2, and the majority of the significant differences occur for height classes 3 and 4. Finally, the effect of the light thinning applied in plot 2 only seems to last for the first period where the differences between plots 1 and 2 are significant at the 10% level for height classes 1, 2, and 3.
In Table 5 the differences in average annual diameter increments have been tested between periods for each of the four plots. Accordingly, this table yields an impression of the combined effect of stand age, climate, and the gradually decreasing effect of the thinning treatment for various thinning intensities. It emerges that, for all four plots, the mean annual increments differed significantly between period 1 (22-27 years) and the two other periods, whereas no significant differences are found between periods 2 and 3. Clearly, as similar results are obtained for the thinned plots 2-4 and for the unthinned plot 1, most of the difference observed between period 1 and the two other periods must be ascribed to age and climate, rather than to effects of thinning. Significance levels: 'NS': not significant, '*': 5%, '**': 1%, '***': 0.1%
Relationship between diameter and diameter increment
A wide range of models were tested, some of them including interactions between the class variables: plot, height class, silvicultural class, and period. It turned out that the lowest possible root mean squared error (RMSE) was 0.117 cm, which was reached by a model that included interactions between plot and silvicultural class and between height class and silvicultural class. However, in this model there was no significant effect of plot, and the total number of non-zero parameters was 26. By comparison, models without interactions between class variables obtained RMSE values that were only slightly higher (0.119-0.120 cm) with only 13-16 non-zero parameters. Accordingly, the final models do not include interactions between class variables. In the final model the effect of silvicultural class is statistically significant. However, the influence of silvicultural class on the annual diameter growth is small (much less than that of height class) and, as the height and silvicultural classifications are closely related it has been decided to present two models, one with and one without silvicultural class. Apart from this, the models both include the effect of current diameter, separate levels of increment for each plot (thinning), separate levels for each height class, separate slopes for each plot, and separate slopes for each period. The two models are summarised in Tables 6 and 7 . It should be noted that the RMSE and R 2 of the two models are almost equal; so -from a practical point of view -we may choose quite freely among them. For both models we tested whether the residuals could actually be assumed to originate from a normal distribution (using the Shapiro-Wilk test statistic). In both cases the test statistics were outside the significance region and we may therefore confidently assume that the residuals are actually normal.
As for the model in Table 6 the a 1i s are negative and the a 2i s are positive for plots 1-3, and it appears that the relationship between diameter and diameter increment moves to a higher level and becomes more flat with increasing thinning intensity. The height class turns out mainly to influence the level of the relationship and it appears that the level becomes approximately 0.17 cm/year higher for height class 1 than for height class 4. The isolated effect of silvicultural class is smaller and accounts for a maximum of 0.08 cm/year. It should be noted that for silvicultural class 2 the growth apparently does not differ significantly from class 4, as its d 1s -parameter is not significantly different from zero. Finally, the period mainly influences the slope of the relationship and, as was also observed in Table 5 , a significant difference is observed between period 1 and the two other periods, whereas these two periods do not differ significantly from each other. In Table 7 the model not including silvicultural class is presented. The table shows that the effects of plot (a 1i and a 2i ) and period (c 2t ) are almost unchanged as compared with the model in Table 6 , whereas the effect of height class has increased as a consequence of the removal of silvicultural class from the model. This is due to the mentioned positive relationship between height class and silvicultural class. In Figure 2 the predicted values of annual diameter increment in the first period (22-27 years) are presented for various combinations of diameter and height class. As will appear from the figure, the overall difference between the diameter increments of various height classes is considerable. Furthermore, for height class 2 in plots 1-3 the predicted annual increment in this period varies from 0.3 cm to 0.55 cm over the 10-30 cm diameter range. However, for plot 4 the variation is less than 0.05 cm and, compared with the other three plots, trees with a diameter of less than approximately 20 cm exhibit increased diameter increment whereas thicker trees respond to the increased thinning intensity by decreasing diameter growth.
Figure 2. Predicted annual increment in the first period (22-27 years) as depending on plot (thinning), diameter (D), and height class (H.class).
All predictions are calculated using the model in Table 7 .
In the following two periods (27-32 and 32-36 years; not shown) the considerable difference between the growth of small and large diameter trees has almost disappeared on plots 1-3, and on plot 4 the relationship between diameter and diameter increment has been reversed, meaning that the predicted increment of small diameter trees exceeds that of large diameter trees. However, small diameter trees (d.b.h. < 20 cm) on plot 4 still exhibit faster growth than on plots 1-3, so the thinning response persists. On the other hand, the reduced growth of large diameter trees seems to indicate that the dominant trees experienced a thinning shock, whereas the smaller trees benefited from the thinning. Clearly, this is in agreement with the results in Table 4 .
The predicted increments of trees on plots 1, 2, and 3 are almost similar and, provided that the growth conditions on these plots are also similar, this implies that within the range of thinning intensities applied on plots 2 and 3 almost no thinning response occurs. Thus, as for these plots the differences observed in Table 4 are mainly caused by the varying diameter composition of each height class on the three plots. In fact, it turns out that the average diameter of trees in a given height class on plot 1 is generally 1-3 cm smaller at age 22 as compared with trees in the same height class on plots 2 and 3. Similarly, the thinning effects observed in Table 3 are mainly caused by the varying tree size composition on the four plots.
Plot number Diameter increment [cm/year]
CONCLUSION
In this experiment the stands were thinned from below. This implies that most of the thinned trees are in the lower part of the canopy (height classes 3 and 4) and, therefore, effects of thinning on the diameter increment of the remaining upper-storey trees cannot be observed at low thinning intensities. Apparently, the thinning intensities applied on plots 2 and 3 did not quite come up to the intensity required to influence the diameter growth of the remaining trees. Thus, on these plots the differences in diameter increment reported in Tables 3 and 4 are basically consequences of unequal tree size compositions. By contrast, significant thinning effects on diameter increment are observed on plot 4. In this case, the diameter increment is enhanced for trees with diameters of less than 20 cm, whereas larger trees exhibit reduced growth.
Many thinning experiments have consistently reported increasing diameter growth with decreasing stand density (Clutter et al., 1983) . Stands thinned in time develop larger average diameters than comparable unthinned stands. This is also observed in the current experiment. From a tending operations point of view one of the most important tasks is to create suitable growing space for superior trees that exhibit the greatest diameter growth and volume increment. However, in the present experiment, it appears that the thinning intensity required to obtain a significant thinning response among medium-sized trees also implied that the largest trees of the stand experienced a thinning shock. Nevertheless, we conclude that when increment thinnings are carried out, an F w value of 22-23 may be preferable. This corresponds to the stand density obtained in plot 4. However, to prevent thinning shocks on certain sites it may be considered to carry out two moderate thinning treatments instead of a single heavy one.
